Reduced graphene oxide-carbon nanotube (RGO-CNT) hybrid materials were prepared by a simple catalyst-free route. The thermostability, photoluminescence (PL) and electrical properties of RGO-CNTs were investigated systematically. The results revealed that compared to RGO, RGO-CNTs showed multicolor PL, and higher thermostability and conductivity. The RGO-CNTs therefore have important potential applications in the fields of photonic and electrical devices.
Introduction
The need for improved thermal interface materials (TIMs) in modern electronics and optoelectronics stimulated interest in carbon materials as fillers for TIMs. Carbon materials that were studied as fillers include carbon nanotubes (CNTs), graphite nanoplatelets, graphene oxide nanoparticles and graphene
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flakes derived by chemical processes [1] . For example, the graphene-multilayer graphene nanocomposites [2] or the hybrid graphene-metal particle [3] can be used for TIMs with the strongly enhanced thermal conductivity. Graphene is essentially a CNT cut along its axis and unrolled to lie flat [4] . Notably, CNTs have superior mechanical properties but must be dispersed uniformly and form a network to achieve sufficient percolation for electrical conductivity. Graphene has remarkably high electron mobility but causes the problem of its restacking property [5] . To efficiently establish synergistic effects between these two different graphitic nanostructures, much attempt has been made to explore graphene and CNT hybrid materials (G-CNTs) in recent years [6] [7] [8] [9] [10] [11] . Owning to its unique physical and chemical properties, G-CNTs have been widely used in various fields such as high-performance transparent conductors [4] , supercapacitors [12] [13] [14] , solar cells [15] , fuel cells [16] , and electrode [17] , etc. In addition, the optical properties of G-CNTs also aroused much attention. For example, Kim et al. [18] fabricated G-CNT transparent 2-dimensional optical array and researched its holographic property.
Up to now, G-CNTs were commonly synthesized by chemical vapor deposition with the assistance of the metallic catalysts. For example, Dong et al. [19] synthesized highly conductive G-CNTs using copper as catalyst under ethanol. Kim et al. [18] fabricated G-CNTs using Al and Fe as catalysts under Ar, H 2 and C 2 H 2 gas atmosphere. Very recently, we synthesized reduced graphene oxide-CNT hybrid materials (RGO-CNTs) by a facile and catalyst-free route, and found that the weight ratio of CNTs to RGO can be adjusted in a relatively wide range of 0.33 to 7.039 by regulating the annealing temperature [20] . Herein, we reported the thermostability, photoluminescence (PL) and electrical properties of RGO-CNTs obtained. Interestingly, compared to RGO, RGO-CNTs possess obvious multicolor PL, and higher thermostability and conductivity.
Experimental Section

Preparation
As reported previously, RGO-CNTs were fabricated by a catalyst-free route [20] . Briefly, the graphene oxide (GO) was synthesized by chemical exfoliation of 5 g natural flake graphite powder (500 mesh) [21] . Then GO powder was put in a quartz boat, and was placed inside a quartz tube. With the quartz tube located in a horizontal reaction tube furnace (equipped with temperature and gas-flow control), GO was annealed in a flowing Ar/acetylene (50 sccm/2.5 sccm) gas mixture at a target temperature using a 40 °C min
heating rate for 1 h at atmospheric pressure. After cooling the tube furnace to room temperature (RT), the RGO-CNT samples (RGO-CNT-550, RGO-CNT-650, RGO-CNT-750, and RGO-CNT-900, numbers denoting the annealing temperature) could be obtained. As a comparison, GO was annealed in Ar by similar annealing procedure in acetylene, and RGO samples (RGO-550, RGO-650, RGO-750, and RGO-900, numbers denoting the annealing temperature) also can be obtained. In order to avoid metal contamination, all the experiment processes were performed with special care. Not one metal had any contact with the samples during the experiments.
Characterization
The morphologies of the samples were performed by field emission scanning electron microscopy (FE-SEM) (FEI Sirion200). X-ray photoemission spectroscopy (XPS) measurements were performed on a Thermo Fisher Scientific with Al Kα radiation. The thermogravimetric analysis (TGA) was measured with a STA 449C-Thermal Star 300 using a 1 °C/min heating rate under argon flow (20 mL/min). The PL and PL excitation (PLE) spectra of RGO and RGO-CNTs were recorded at RT on a Shimadzu RF-5301PC fluorescence spectrophotometer using a Xe lamp as the light source. For PL spectra investigation, 1.5 mg of powder samples was ultrasonically dispersed in 50 mL of ethanol solution for 1 h. After that, the solution was used. The indium tin oxide (ITO) substrates were washed by ultrasonication with acetone solution, ethanol solution, and deionized water for 10 min, respectively. Then the ITO substrates were dried under an ultrapure nitrogen stream, and were treated at 80 °C for 2 h. Thereafter, the substrates were irradiated with ultraviolet (UV) light for 30 min. For the preparation of RGO and RGO-CNT films, 1.5 mg of RGO or RGO-CNTs was dispersed in ethanol and deposited on the substrates by the spin-coating method. After that, the Al electrodes with the thickness of ca. 100 nm were deposited on the top of the surface of films by thermal deposition system. Finally, a diode device can be obtained, the cathode and anode of which are Al and ITO, respectively. The I-V curves of RGO and RGO-CNT films were measured by a semiconductor parameter analyzer (Agilent B1500) under ambient conditions. A continuous voltage was applied across the cathode and anode. The corresponding current value can be obtained through the semiconductor parameter analyzer.
Results and Discussion
Microstructures of the Samples
Shown in Figure 1a ,b are the typical FE-SEM images of GO and RGO-650. One can clearly see that GO demonstrates an ultrathin flexible sheet-like structure, and RGO-650 has more corrugations than GO. Figure 1c depicts the morphology of RGO-CNT-650. It reveals a considerable growth of CNTs on or between the RGO layers, and the CNTs are relatively uniform with a diameter of ca. 10-30 nm. Moreover, one can find that the CNTs are horizontally and randomly stacked between or on the RGO layers. It may be due to the restriction of full length extension of the flexible CNTs in the space within the graphene layers, which act as a supporting holder to mediate the organization of the CNTs [6] . To detect the C and O content and the bonding environment of the samples, XPS measurements were carried out. Figure 2a shows the fine-scanned XPS C 1s peaks of GO, which was fitted by four components that correspond to carbon atoms in different functional groups. The main peak at 284.8 eV is due to graphitic sp 2 carbon atoms (C=C), and the other peaks at 286.2 eV, 287.4 eV, and 288.8 eV correspond to hydroxy (C-O bond), carbonyl (C=O), and carboxyl (O-C=O), respectively [22, 23] . The C/O ratio of GO is 2.8:1. In contrast, the peak intensities of the oxygen functional groups of RGO-650 decreased significantly (Figure 2b) , and the C/O ratio is 9.4:1. Notably, it is found that (i) the peak intensities of the oxygen functional groups of RGO-CNT-650 decreased more sharply than that of RGO-650 ( Figure 2c) ; and (ii) the C/O ratio of the RGO-CNT-650 reaches high up to 22.6:1. The reason for the high C/O ratio of the RGO-CNT-650 may be (i) the more effective deoxygenation of GO annealed in acetylene than in Ar; and (ii) high-yield CNTs grew on the surface of RGO. As reported previously, the weight ratio of CNTs to RGO of RGO-CNT-550, RGO-CNT-650, RGO-CNT-750, and RGO-CNT-900 can be calculated, which are 1.006, 3.952, 7.039, and 6.247, respectively [20] . and to ~3000-3500 W mK −1 at room temperature, respectively. An especially important characteristic for TIM applications of graphene is its high temperature stability, which was verified up to 2600 K [1] . TGA graphs show weight profiles of RGO and RGO-CNTs as variations of temperature (Figure 3) . Clearly, all the RGO-CNTs show higher thermostability than the corresponding RGO samples. For example, RGO-CNT-750 shows much higher thermostability than RGO-750. This may be attributed to (i) more effective reduction of GO that can be obtained by acetylene than by Ar; and (ii) the massive high-thermostability CNTs that are grown. It is generally known that naturally occurring carbon materials are made up of two stable isotopes of 12 C (~99%) and 13 C (1%) [24] . The change in isotope composition modifies dynamic properties of crystal lattices and affects their thermal conductivity [24, 25] . The dynamic properties of the RGO may be changed by massive-growth CNTs and thus the thermal properties of the RGO may be obviously changed. Moreover, with the rise in the annealing temperature, the thermostability of RGO-CNTs increases first then subsequently decreases, and RGO-CNT-750 possesses the highest thermostability. However, with the further increasing of the annealing temperature, it shows a clear decrease. As reported previously, above 550 °C, the weight ratio of CNTs to RGO in RGO-CNTs shows a fast increase, and it can reach a high maximum of ca. 7.039 at 750 °C [20] . Evidently, the changing tendency of the thermostability of RGO-CNTs is in good agreement with the change of the content of CNTs in the RGO-CNTs. In other words, a higher content of CNTs can contribute to a higher thermostability for RGO-CNTs. Namely, one can change the thermal properties of the RGO-CNTs by tuning the content of CNTs in the RGO-CNTs for special application. 
UV-vis Absorption Spectra
Shown in Figure 4 are the UV-vis absorption spectra of RGO-650 and RGO-CNT-650. Both of them show an obvious absorption peak centered at ca. 310 nm. Under irradiation by a 365 nm UV light, one can clearly find that both of them show blue luminescence; however, RGO-CNT-650 emits stronger luminescence than RGO-650. It may attribute to the contribution of CNTs in RGO-CNTs. Similarly, the UV-Vis absorption spectra of other RGO and RGO-CNT samples were measured, and all of them show a similar absorption peak centered at ca. 310 nm (not shown). 
PL Spectra
To explore the optical properties of RGO and RGO-CNTs, a detailed PL study was carried out at RT. Figure 5a shows the PL spectra of RGO-650 with different excitation wavelengths from 250 to 340 nm. It is found that there are two clear emission peaks, one is in the UV region at ca. 363 nm and another is in the blue region at ca. 467 nm. With the excitation wavelength increasing from 250 to 340 nm, the intensity of the two PL peaks decreases significantly. Shown in Figure 5b are the PL spectra of RGO-650 with different excitation wavelengths from 250 to 340 nm. Interestingly, compared to RGO-650, RGO-CNT-650 has four extra PL peaks of 378, 405, 421, and 431 nm, indicating that RGO-CNT-650 has multicolor PL. Thus, one can make a reasonable assumption that the four strong PL emission should originate from CNTs in RGO-CNTs. Notably, RGO-CNT-650 exhibits a relative wide range of emission light wavelength, which can cover from UV (363 and 380 nm) to purple (405, 421, and 431 nm), and to blue (458 nm). Apparently, the energy level of RGO-CNT-650 is greatly different from that of RGO-650. It may be due to the contribution of CNTs in RGO-CNTs. As pointed out by Dukovic et al. [26] , each PL peak of CNTs corresponds to an emission from a particular nanotube structure, and especially depends on the diameter of the CNT. Furthermore, with the increase of the excitation wavelength from 250 to 340 nm, one can see that (i) RGO-CNT-650 exhibits an excitation-independent PL behavior, and the peak positions remain almost unchanged at ca. 363, 378, 405, 421, 431, and 458 nm, respectively; (ii) the intensity of the PL peaks rise first, before decreasing with the increasing excitation wavelength, which reaches a maximum at the excitation wavelength of 310 nm, and thus differing greatly from the case of RGO-650. Figure 5c shows the PL spectra of RGO-650 and RGO-CNT samples excited at 310 nm. It is found that all the PL intensity of the RGO-CNT samples is much higher than that of RGO-650. Moreover, one can see that with the increase of the annealing temperature: (i) The PL intensity of RGO-CNT samples increases, and reaches its maximum at 650 °C; and (ii) above 650 °C, the PL intensity decreases. As mentioned above, RGO-CNT-750 has the highest content of CNTs among these samples, but its PL intensity is not the strongest. Therefore, an appropriate content of CNTs is useful to the PL. Therefore, by selecting an appropriate annealing temperature, one can change the content of CNTs and thus tune the PL properties of RGO-CNTs for specific applications. Shown in Figure 5d is the PLE spectra of RGO-CNT-650 with excitation at 431 and 458 nm. One sharp peak at ca. 310 nm recorded with the strongest luminescence can be clearly seen. 
Electrical Properties of the Samples
The electrical characteristics of RGO and RGO-CNT films were measured in an air environment. As can be seen from Figure 6a , the I−V curves of RGO and RGO-CNT films show obviously ohmic-like characteristics, rather than the Schottky diode feature [27] . As proposed by Patole et al., because of the formation of an extended conjugation network within the CNTs bridging the gaps between the graphene sheets, the conductivity in the hybrid materials can show great improvement [28] . Based on the I−V curves (shown in Figure 6a ), one can calculate the corresponding R of RGO and RGO-CNT films. Shown in Figure 6b is the dependence of R of RGO and RGO-CNT films on annealing temperature. In the case of RGO films, with the increasing of the annealing temperature, one can see that the R of RGO films decreases first and then increases, and reaches the minimum and maximum at 650 °C and 900 °C, respectively. The reason may be that a too high an annealing temperature may introduce a high concentration of defect in RGO. Similarly, one can find that the dependence of R on the annealing temperature of RGO-CNT films is similar to the case of RGO films. A clear difference from the case of RGO films is that the R of RGO-CNT films reach the minimum and the maximum at 650 °C and 550 °C, respectively. Moreover, one can find that the R of all RGO-CNT films is lower than that of the corresponding RGO films. It may be ascribed to the inclusion of CNTs in RGO-CNTs.
To further explore the role of CNTs in the conductivity of RGO-CNTs, the reduction percent ∆R was calculated (shown in Figure 6b ). Where ∆R = (R RGO − R RGO-CNT )/R RGO (×100%), the R RGO is R of RGO films and R RGO-CNT is R of RGO-CNT films. Clearly, above 550 °C, the ∆R shows a fast increase, and reaches up to ca. 30.88% at 750 °C. However, with the further increase of the annealing temperature, it shows a decrease. Approximately, by regulating the annealing temperature, the ∆R can be adjusted in a relatively wide range of 18.09% to 30.88%. Apparently, the content of CNTs in RGO-CNTs has an obvious effect on the conductivity, and an appropriate content of CNTs is useful to obtain RGO-CNT films with high conductivity. It is different from the results reported, wherein a higher content of CNTs in G-CNTs can lead to a higher conductivity [19, 29] . It implies that the contribution of CNTs is effective, but complicated. 
Conclusions
In conclusion, RGO-CNTs were prepared by a simple catalyst-free route. It is found that RGO-CNTs have high thermostability, which is proportionate to the content of CNTs. RGO-CNTs showed excitation-independent multicolor PL, which may be attributed to the fact that CNTs contribute the formation of the unique energy level. Furthermore, RGO-CNT films have high conductivity, which can be tuned by changing the annealing temperature. All the results suggest that the RGO-CNTs can find potential applications in the fields of photonic and electrical devices.
